INTRODUCTION
The equatorial Pacific Ocean is a major sink for calcium carbonate and is an important component of the global carbon cycle. Surface sediments along the EPR and westward along the equator typically have carbonate contents greater than 80% and carbonate MARs greater than 1 g/cm 2 /k.y. (van Andel et al, 1975; Lyle et al., 1988; Farrell and Prell, 1989) . East of the EPR, in the Guatemala, Panama, Bauer, and Peru basins, there exists a strong depth dependence for carbonate burial . CCDs east of the EPR are 500 to 1000 m shallower than those to the west (Berger et al., 1976) . Consequently, little carbonate is buried in the deeper parts of these eastern Pacific basins, despite relatively high carbonate production by plankton (Dymond and Lyle, 1985) . Here, we investigate how this distinctive regional carbonate deposition pattern has evolved.
Initial Leg 138 studies have shown that shallow CCDs first appeared in the eastern Pacific basins between 11 and 9 Ma. Simultaneously, a major carbonate MAR transient took place throughout the eastern and central Pacific Ocean (van Andel et al., 1975; Keller and Barron, 1983; Theyer et al., 1985) . High carbonate MARs returned by 8 Ma, except in the easternmost Pacific. The transient has left a distinctive regional acoustic reflector in the tropical eastern and central Pacific Ocean (reflector 1M-P, Mayer et al., 1986) .
Several hypotheses exist to explain the cause of the late Miocene carbonate crash. It may have been caused by a high productivity event that later became confined to the easternmost Pacific . Degradation of C org at the seafloor produces acids that dissolve carbonate. All the carbonate in a sediment can be dissolved if the ratio of C org to carbonate in falling detritus becomes high, as occurs during Pisias, N.G., Mayer, L.A., Janecek, T.R., Palmer-Julson, A., and van Andel, T.H. (Eds.), 1995. Proc. ODP, Sci. Results, 138: College Station TX (Ocean Drilling Program) .
Center for Geophysical Investigation of the Shallow Subsurface, 1910 University Drive, Boise State University, Boise, ID 83725, U.S.A. 3 Hawaii Institute of Geophysics, University of Hawaii, 2525 CorreaRd., Honolulu, HI 96822, U.S.A. 4 Dept, of Oceanography, 6270 University Blvd, University of British Columbia, Vancouver, B.C., Canada V6TIZ4. productivity events (Emerson and Bender, 1981; Archer, 1991) . Alternatively, polar cooling may have released transient C org reservoirs from continental shelves exposed by the resulting decrease in sea level . Sedimentary carbonate would be lost because the total inorganic carbon content of seawater would increase relative to its titration alkalinity, dropping [CO 3 ] 2~ in seawater. Compensatory dissolution of sedimentary CaCO 3 would maintain seawater [CO 3 ] 2 ". Changing deposition patterns of carbonate and silica between the Atlantic and Pacific Oceans (Keller and Barron, 1983 ) also could have also caused the crash. The latter scenario could have been driven by disrupted mid-and deep-water circulation resulting from tectonic changes in basinal configuration or closures of Oceanographic gateways. In either case, changes in carbonate depositional patterns would occur because of the global redistribution of dissolved inorganic carbon and titration alkalinity.
In this study, we use gamma-ray attenuation porosity evaluator (GRAPE), wet bulk density data, wet bulk density data from well logs, and shipboard carbonate measurements from ODP Leg 138 and DSDP drill sites to reconstruct carbonate MARs in the eastern Pacific from about 13 to 5 Ma. We contrast modern and Miocene depositional patterns and also show that the Guatemala, Panama, Bauer, and Peru basins became distinct from the tropical Pacific west of the EPR at the beginning of the late Miocene. We explore whether changes in midwater [CO 3 ] 2 " content, caused primarily by the uplift of the future Isthmus of Panama, might have caused the observed MAR patterns, or whether one of the other hypothesized causes for the carbonate crash are more likely.
METHODS

Cores
We used all the drill sites from Leg 138 and the DSDP drill sites listed in Table 1 . We did not use Site 504/677 (Panama Basin) in the compilation, because the site's basement age was only about 5.9 Ma and it would be of only minor importance for the carbonate maps. We also used data from surface sediments whose core locations are listed in Table 2 . These data also were used to construct the maps in . 
Shipboard Carbonate Contents
Shipboard carbonate contents reported here were analyzed by coulometric methods described in detail in the "Explanatory Notes" chapter of the Initial Reports volume for Leg 138 . Small samples of sediment (10-60 mg) were acidified to release CO 2 from the carbonates, and the quantity of CO 2 released was measured by coulometric titration in a monoethanolamine solution.
Carbonate Contents of Surface Sediments
Carbonate contents in Table 2 (eastern Pacific surface sediments) were measured in two ways. The column marked "LECO" and all organic carbon measurements were measured by the acidification/wet oxidation technique described in Weliky et al. (1983) . The column marked "XRF" was calculated using a normative method from the calcium contents measured by X-ray fluorescence (XRF), assuming noncarbonate detritus has a calcium content of 0.7% (Dymond et al., 1977) . Opal reported in Table 2 also was estimated by a normative technique. The techniques used in the other XRF elemental analyses are described in Finney et al. (1988) . Table 2 also contains sedimentation rates that were estimated from the map shown in and bulk MARs. The MARs were constructed from the estimated sedimentation rates and by using XRF-measured chlorine contents to estimate the water content of the sediment.
Conversion of GRAPE Density and Logging Density Data to Carbonate Content
The late Miocene sediment sections in Leg 138 and DSDP drill holes typically occurred at or below the deepest intervals accessible by advanced piston coring (APC). Most Miocene sediments were recovered with extended core barrel (XCB) or rotary coring (RCB) technology. Both XCB and RCB coring result in poorer recovery than APC techniques, and piecing together complete Miocene sediment sections can be difficult. Even comprehensive carbonate analyses of all material brought back on board the drill ship can still produce a sedimentary carbonate profile that has major gaps. For this reason, we used logging data where available to estimate carbonate and generate continuous carbonate curves downhole.
Dadey and Lyle (this volume) calibrate the use of downhole geochemical measurements to generate carbonate profiles and show that geochemical logging can produce reasonable results. It is also possible, and highly desirable, to use sediment wet-bulk density measurements to produce a carbonate estimate (Mayer, 1991) because large quantities of archived density data are available from even early DSDP legs. Geochemical logs, on the other hand, have only been part of the standard logging suite for about the last 5 yr of ODP.
Derivation of Density Relationship
We improved the method of Mayer (1991) to estimate sedimentary carbonate content from density by making two simple assumptions about marine sediments and by using the definitions of sediment wet-bulk density and carbonate content. Our carbonate/wet-bulk density relationship makes matching carbonate curves less empirical than that of Mayer (1991) and more easily grasped by someone not familiar with physical properties of sediments. Our method seems to do as well as that of Mayer (1991) , although we have yet to make a formal comparison between the two methods. Our estimate, like that of Mayer (1991) , is based upon a "decompacted" sediment column, so that burial-induced density changes can be eliminated. Our decompaction model is slightly different from Mayer's, however, because we calibrated it with eastern Pacific sediments from Leg 138, while his was based on central Pacific data (Fig. 1) . The decompaction curve we use lies between Hamilton's (1976) carbonate and diatom compaction curves. We found that the match between the calculated and observed compaction in near-equatorial sites was very good, while the match in the northernmost Leg 138 sites was not. Regional variations in compaction need to be taken into account to get the most accurate match between density and carbonate content.
To derive an equation for predicting carbonate content of the sediments from wet bulk density, we assumed these things:
1. Marine sediments in the eastern Pacific are a binary mixture of calcium carbonate and an aluminosilicate 'phase'. One can think of the aluminosilicate phase in our model as a homogeneous mixture of opal, different clays, and perhaps volcanic ash. The mixture does not change in content down the core.
2. Both carbonate and aluminosilicate phases have a characteristic water content that remains constant even when they are mixed together. The second assumption allows one to assign a specific water content to a sediment mixture and, thus, to predict carbonate from wet bulk density.
Three basic equations of sediments are also needed for the derivation, as follows:
where X represents the volume fraction of each sedimentary component and r represents the density of different fractions. The subscripts wet, CC, AISi, and W refer to wet bulk density, carbonate, aluminosilicate, and water, respectively. This equation defines the wet bulk density of the sediment in terms of the densities of the components of the sediment. This equation defines the sediment volume fractions and also defines the system as closed (all phases are accounted for), and
where CC% is the carbonate content of the sediment. This equation defines carbonate percentages in terms of density relationships and volume fractions.
To simplify the equations to solve for carbonate content from wet-bulk density, we needed to use Assumption 2, that both carbonate and aluminosilicate phases have constant associated water. With this assumption, the water content can be expressed by:
where C WAT and AlSi^y-are the characteristic ratios of water volume to solid volume associated with carbonate and aluminosilicate phases, respectively.
A combination of these four equations designed to eliminate all variables, except the densities of each phase and the characteristic ratios, yields the following relationship between carbonate content and wet bulk density: CC% = 100
In this equation, wet bulk density is a measured quantity, the density of carbonate is 2.71 g/cm 3 , and the density of water is 1.025 g/cm 3 . Parameters that can be varied to fit observed carbonate contents to the theoretical relationship are the density of the aluminosilicate phase mixture (p A i Si ) and the characteristic ratios C WAT and AlSi WAr . Normally, however, the characteristic porosity of 100% carbonate is relatively well-defined, while that of the aluminosilicate "phase" is not. When we calibrated to measured carbonate contents we varied only the aluminosilicate parameters to get the best match to measured values.
Outline of Procedure
To estimate carbonates from either a GRAPE density record or a downhole logging record of wet bulk density, one first decompacts the sediment column and then applies Equation 5 to the corrected density. The decompaction takes into account the porosity loss from burial and resulting change in wet bulk density. The decompaction we applied is listed below, where mbsf is the depth below seafloor in meters. The result, D, is the density change as a result of burial:
The decompacted wet bulk density is the measured wet bulk density minus the decompaction. After the decompaction correc- We primarily used logging density data to reconstruct carbonates, but in some sites we also used GRAPE data if no logging data were available, or used GRAPE data in the upper part of the section where poor logging data were recorded as a result of bad hole conditions. GRAPE data were used exclusively at Sites 84, 503, 848, 852, and 853 . GRAPE data were combined with logging data at Sites 844 (GRAPE data shallower than 120 mbsf) and 849 (GRAPE data shallower than 150 mbsf)• In all cases where GRAPE data were used, these were interpolated to either a 10-or 20-cm-sample spacing.
We had little difficulty calibrating carbonate to density for sites where carbonate contents did not vary too dramatically (i.e., where carbonate contents stayed between about 30 and 80%; Sites 84, 503, 847, 848, 849, 850, 851, 852, and 853; Fig. 2) . It proved more difficult, however, to match sites that varied through a larger range (Sites 495, 844, 845, 846, and 854) . Errors introduced by the simplifying assumptions in the above theory make it difficult to match both carbonate-free sediments and sediments containing more than 70% carbonate (Fig. 3) . Nevertheless, reasonable matches were made in all cases except Site 854. We think that the high quantity of ferromanganese oxyhydroxides at the base of the drill site sufficiently altered the density relationships to make the prediction invalid. For this reason, we used only shipboard carbonate data for carbonate MARs at Site 854.
Drill Site Backtracking Methods
Paleoposition
We backtracked the drill sites initially using the modern Cocos/ Pacific pole of rotation from DeMets et al. (1990; 36.823°N, 108 .629°W, angular rotation (co) of 2.09 7m.y.), and used Engebretson et al. (1985) for the Pacific/Nazca and Pacific/hot spot poles of rotation (55.58°N, 90.10°W, co = 1.42 7m.y. and 57.00°N, 75.00°W, co = 0.94 7 m.y., respectively). Changes in absolute movement of the Pacific/hot spot pole of rotation through time are also from Engebretson et al. (1985) . Before 5 Ma, the Pacific/hot spot pole was located at 69°N, OC73-1-2 Y71-9-92 Y71-9-93 Y71-9-96 Y71-9-94 Y71-9-97 Y71-9-98 Y71-9-101 Y71-9-90 KK71-150 Y71-9-104 Y71-9-106 Y71-9-109 Y71-9-89 Y71-9-91 Y71-9-110 Y71-9-111 V21-40 Y71-9-86 Y71-9-85 KK71-79P Y71-9-88 Y71-9-84 SCAN92GC Y69-83M1 Y69-84M1 Y73-3-6 TR63-31T TR163-6TW  V18-324  TR163-5TW  TRIP2PG  TR163-3TW  TR163-4TW  V20-17  V28-I53  V28-155  RC13-134  V28-156  RC 10-246  V20-18  PAPA4GC  V28-154  RC13-133  TRIP4GC  BNFC20PG1  PAPA72GC  BNFC8PG  RC 10-245  BNFC17PG1  TR1P4PG  TRIP5GC  RC13-125  RC13-122  RC13-124  PAPA88GC  R1S9GC  RIS8PG  TRIP6GC  TRIP7GC  BNFC4GC  PAPA99GC  PAPA3GC  TRIP5PG  TRIP6PG  PAPA103G  TRIP7PG  KK74-GC4  BNFC1GC  TRIP8PG   1765  2450  3660  3626  3753  3630  1945  1950  3535  3543  1765  3246  3500  3333  3970  3574  3680  3882  1643  3347  3166  1700  3288  3436  3319  3336  3469  3420  3428  3930  1620  3280  3100  3435  3413  3493  3512  3647  3210  3517  3195  3492  2950  3150  3420  3272  3431  4098  3702  3884  3656  4321  3389  3797  3847  4240  4010  3441  3680  3522  4141  4039  3382  3517  3455  3375  4010  4065  3757  3644  3268  3483  4218  3929  3438  3052  3697  3935 71°W, and (0 = 0.787 7m.y. Backtracked positions at 1-m.y. intervals are listed in Table 3 . We found that backtracked paths for drill sites on the Cocos Plate (Sites 503 and 84) would cross those from drill sites on the Nazca Plate (Sites 504 and 847) if the modern motion of the Cocos Plate had continued unabated since the middle Miocene. For this reason, we decided that Cocos Plate motion prior to 4 Ma was significantly different from modern motion. We assumed that the location for the Pacific/Cocos pole of rotation was 15° eastward and 20° northward of its modern position, and the angular rotation about the pole was 1.30 °/m.y. This radical change in the motion of the Cocos Plate before 4 Ma fits with other reconstructions in progress (Wilson, 1993) .
Core name
Even with this change, Cocos Plate drill sites still backtracked onto the Pacific Plate (Sites 495, 844, and 845; Fig. 4) . We are reluctant to slow Cocos Plate motion further, however, because eastward ridge jumps along this portion of the EPR have occurred in the late Miocene (Mammerickx and Klitgord, 1982; Mammerickx and Naur, 1988) . We postulate that these ridge jumps can account for much of the apparent crossover of the site backtrackings.
Paleobathymetry
We calculated changes in depth through time for each site by assuming that all sites have followed a descent away from the rise crest proportional to the square root of time. We assumed that all sites that were formed at the EPR (Sites 495,572, all Leg 138 sites) had an Figure 3 . Comparison of carbonate content estimated using Equations 5 and 6, with carbonate measured on board the ship at Site 846. This site has a large range in carbonate content (0%-90%) and calibration of density carbonate estimates to measured carbonate content was more difficult. Nevertheless, density-derived carbonate estimates are comparable to shipboard measurements.
initial depth of 2900 m below sea level (mbsl), while those formed at the Galapagos Spreading Center (84, 503) formed at an initial water depth of 2600 mbsl. We also corrected for changes in depth from sediment deposition. Bathymetric changes for all drill sites are listed in Table 3 .
Age Models
Age models for the Leg 138 drill sites were provided by N. Shackleton (this volume). These time scales were developed by establishing an orbitally tuned time scale for a master sequence and by correlating density events and micropaleontological stratigraphic datum levels between cores. Time scales used in this study were imposed on DSDP cores by choosing a few common microfossil datum levels for initial stratigraphic ties and then by correlating density records from the drill site to nearby Leg 138 cores. The age models then were checked by comparing how well the new age/depth model predicted the positions of biostratigraphic data not used in the original construction (Fig. 5) . We used the Analyseries CFR Macintosh software package from the Centre des Faibles Radioactivité to correlate between drill sites and to interpolate age scales onto depth sections.
Carbonate MAR Estimates
We estimated average carbonate MARs by using Equation 5 to calculate carbonate values for decompacted density sections, and also used wet bulk density relationships to estimate the water content of the sediment. We used the measured (not decompacted) density at each depth and the sedimentation rate to calculate the carbonate MAR. Time spans of 0.5 Ma were averaged, and all data are reported in Table 3 .
RESULTS
Modern Eastern Pacific
Sedimentation patterns within the modern eastern Pacific Ocean have been described in more detail in . Here, we outline details of modern carbonate deposition so that we can contrast these patterns with those of the late Miocene. The relevant core top data are found in Table 2 , as well as data for the maps in . Figure 6 shows the locations of DSDP and ODP drill sites in the eastern Pacific and indicates the basins in the region. Although the Bauer and Peru basins are distinct and separated by the fossil Galapagos Rise, we have combined data from the two and report all as from the Peru Basin.
Eastern Pacific CCDs
Each basin east of the EPR has a distinctive CCD, partly because the basins are isolated from the main Pacific basin by the rise crest, and partly because each has a different downward flux of CO 2 from different average levels of primary productivity in the surface waters over them. Figure 7 illustrates the different CCD levels in the different eastern Pacific basins. Note that the figure is expressed in carbonate MAR, a more reliable way to measure carbonate dissolution than by using sedimentary carbonate content. We define the CCD based on MAR to be where carbonate accumulation is less than 100 mg/cm 2 /k.y. By this definition, the Panama Basin has a CCD at about 3300 mbsl, the Guatemala Basin's CCD is at 3600 mbsl, the Peru Basin CCD is at 4100 mbsl, and that of the Pacific Basin proper in the eastern equatorial region, is about 4500 mbsl. Lonsdale (1976) described circulation patterns in the southeastern Pacific Ocean, and demonstrated that different mid-ocean ridge segments and aseismic ridges isolate waters in each of the eastern Pacific Basins. Deep water in the Peru Basin primarily comes from the south, across first the Chile Ridge and then through gaps in the Sala y Gomez/Nazca Ridge Complex. Deep-water influx to the Panama Figure 6 . Locations of the different basins in the eastern Pacific and modern locations of ODP and DSDP drill sites in the region. Cross-hatchured regions mark the modern mid-ocean ridge crests, the aseismic Cocos Ridge (between the Galapagos Islands and Panama), the Carnegie Ridge (between the Galapagos Islands and Ecuador), the Galapagos Platform, and the fossil Galapagos Rise.
Eastern Pacific AOU
Basin travels from the Peru Basin along the Peru-Chile Trench past the Carnegie Ridge (the east-west ridge along the equator to South America, Fig. 6 ) as well as over a saddle in the central Carnegie Ridge. In contrast, bottom waters in the Guatemala Basin cross the EPR near the triple junction with the Galapagos Spreading Center, circulate around the basin, and leave across the EPR to the north (Lonsdale, 1976; . The relatively shallow sills prevent true Pacific deep waters from entering the eastern Pacific region east of the EPR. Instead, waters of mid-depth origin fill these basins.
The deep waters in each eastern Pacific basin have characteristic O 2 contents, and with knowledge of deep-water flow paths, an average apparent oxygen utilization (AOU) for each basin can be calculated. AOU is a direct measure of C org degradation and CO 2 addition by productivity in each basin. Pacific deep waters at the equator west of the EPR have 3.2 mL O 2 /L. Deep waters of the Peru Basin also have 3.2 mL O 2 /L, less than the value of 3.5 mL O 2 /L found south of the Nazca Ridge along the deep-water flow path (Lonsdale, 1976) . In contrast, Panama Basin deep waters have only 2.5 mL O 2 /L (Lonsdale, 1976) , and Guatemala Basin deep waters have about 2.75 mL O 2 /L (WOCE, unpubl. data). The Peru Basin thus has an AOU of 0.3 mL O 2 /L (the difference in O 2 content between the Chile and Peru basins), Panama Basin has an AOU of 0.7 mL O 2 /L (Peru-Panama Basin), and Guatemala Basin has an AOU of 0.45 mL O 2 /L (PacificGuatemala Basin). Figure 8 shows a comparison of AOU to CCD levels in each of the eastern Pacific basins. The good correlation between the two is evidence that the different CCDs found in each eastern Pacific basin are maintained by different levels of deep CO 2 storage from C org degradation. The regression predicts a CCD rise of 1780 m for each miniliter of O 2 /L consumed in deep waters.
Primary Productivity and CCD
The correlation between AOU and CCD does not necessarily mean a strong correlation between productivity and CCD. AOU can increase either by increases in productivity or by slowing deep-water passage through the basins. In the modern eastern Pacific, however, the correlation of CCD depth and productivity suggests that the link between the two is strong. For example, during 1967 to 1968 (Love, 1972; Love and Allen, 1975) , the highest annual productivity was found in surface waters over the Panama Basin, followed by the Guatemala Basin, the Peru Basin, and the Pacific Basin, in the same order as the relative CCD depths or AOU. The relationships between productivity, AOU, and CCD mean that one can roughly estimate how CCD should respond to changes in productivity.
The CCD in the Guatemala Basin is 3600 mbsl, while that of the Panama Basin is about 3300 mbsl, a 300-m difference. Based upon Koblenz-Mishke (1965) , the average productivity of the Guatemala Basin is roughly half that of the Panama Basin. If all the change in CCD is caused by the productivity difference between the two basins, a doubling of productivity causes a rise in the CCD of 300 m. Emerson and Bender (1981) independently estimated that the CCD could rise by about 200 m if the ratio of C org to C cθ3 in particulate rain from surface waters doubled. C org :C cθ3 measured in sediment traps is correlated with C org rain (Karlin et al., 1992) , which is in turn strongly correlated with surface productivity. Thus, if Emerson and Bender (1981) were correct and the sediment trap measurements are typical, doubling productivity will double the C org :C cθ3 in falling particulate matter, and in turn will cause a CCD rise of about 200 m. The approach of Emerson and Bender (1981) thus predicts about the same CCD change as observed between the Panama and Guatemala basins.
The correlation between shallowing CCD and increasing productivity will only occur, however, in a region of relatively high productivity, such as the modern eastern Pacific Ocean (Archer, 1991) . Here, the C org :C cθ3 in falling sedimentary detritus is relatively high (~l), and the dissolution resulting from C org degradation is accentuated. In regions having low to moderate productivity (e.g., the central equatorial Pacific Ocean and the oceanic gyres) the low C or . g :C co , in the particulate rain to the seafloor (-0.5) means that initial increases in productivity will deliver a larger mass of carbonate particles to surface sediments than carbonate degradation products. The carbonate MAR first will increase with productivity, and the CCD can be driven deeper. If productivity increases sufficiently, however, conditions will begin to resemble those in the eastern Pacific, and the CCD will then be driven down again. Figure 9 shows maps of carbonate MARs in the eastern Pacific from 13 to 5 Ma. Data used to construct these maps are presented in Table 3 . The data are averages reported at the midpoint of their range (i.e., 9 Ma data is the average of 8.75-9.25 Ma). Despite this averaging, it becomes apparent from Figure 9 that the eastern Pacific switched rapidly from an environment where carbonates were deposited relatively evenly over the entire region to a regime in which carbonate deposition was focused at the equator and little carbonate was buried in the eastern Pacific basins.
Late Miocene Carbonate MARs and CCD Changes
The carbonate MAR map at 13 Ma is a good illustration of the depositional environment during the late middle Miocene. Carbonate deposition was relatively uniform. Nowhere, however, was the amount of carbonate deposition high. Even Site 495, the deepest drill site in the Guatemala Basin (3800 m deep at 13 Ma), had a respectable carbonate MAR of 0.3 g/cm 2 /k.y. Near equatorial sites (e.g., Site 846) had higher deposition (0.7 g/cm 2 /k.y.), and gradients of carbonate MAR away from the equator were not strong. If Leg 138 and central Pacific data (van Andel et al., 1975) are examined together one can discern that the pattern of carbonate MAR at this time was shaped like a blunt wedge pointed westward. While the western Pacific equatorial carbonate zone narrowed from the late Oligocene maximum, the eastern Pacific carbonate zone remained wide. The westward extent of the equatorial carbonate zone remained stable throughout the middle Miocene (van Andel et al., 1975) .
Carbonate MARs at 11 Ma foreshadow the late Miocene carbonate crash (Fig. 9) . Carbonate deposition everywhere is low, even though the CCD is still relatively deep. In the Guatemala Basin, for example, the CCD was deeper than 4000 m (Fig. 10) . Throughout the region, sedimentation rates were still high, but rates were beginning to decline from peaks in the middle Miocene (Fig. 11) . Changes in carbonate MAR between 13 and 11 Ma seem to have been caused mostly by a slowdown in carbonate production, not by an increase in Apparent oxygen utilization (mL dissolution rate (Fig. 12 ). Increased etching of preserved nannofossil assemblages, for example, occurs for the most part after 11 Ma (Farrell et al, this volume) . The CCD east of the EPR rose to such an extent by 10 Ma that all eastern sites were near it (Fig. 9) . The CCD rose nearly to the paleodepth of Site 846, then at 3255 mbsl. Between 10 and 9 Ma, the CCD sometimes rose above Site 846 and no carbonate at all was deposited there. Sedimentation rates in the interval between 10 and 8 Ma typically are at the lowest levels approached in the Miocene throughout the eastern Pacific (Fig. 11) . Farther west, carbonate deposition in the central equatorial Pacific contracted until it was limited to a narrow band along the equator (van Andel et al., 1975) .
The CCD in the Guatemala Basin shallowed by about 800 m (Fig.  10 ) at 10 Ma, and stayed high from 10 to 0 Ma. Carbonate deposition at Site 319 in the Peru (Bauer) Basin also ends about this time, so it appears that all eastern Pacific basins were affected similarly. The carbonate lysocline in the equatorial Pacific must have risen abruptly at 10 Ma, indicated by the number of sites having carbonate MARs of less than 1 g/cm 2 /k.y. (Table 3) . Clearly, the carbonate crash was felt throughout the Pacific, although the strongest effects appeared east of the EPR.
Recovery from the late Miocene carbonate crash was under way by 8 Ma (Fig. 9 ) and followed the equatorial high productivity band. On the Leg 138 transect west of the EPR, near-equatorial drill sites again had carbonate MARs greater than 1 g/cm 2 /k.y. Nevertheless, the Guatemala and Peru basins never again had high carbonate deposition except on their shallow flanks. The CCD in the Guatemala Basin appears to have hovered at a depth of about 3400 m from 10 Ma onward, deepening at some time in the Pliocene-Pleistocene to the modern CCD at 3600 mbsl (Figs. 10 and 7) . Sites 503 (Guatemala Basin) and 84 (Panama Basin) may show a recovery from the carbonate crash. Because both sites are shallow and near the equator, they form part of the equatorial high carbonate band.
Between 7 and 6 Ma, carbonate MARs reached their all-time peaks throughout the eastern Pacific, with the exception of the bathyal sites east of the EPR. This peak in carbonate MARs results primarily from the high regional sedimentation rates during the latest part of the Miocene (Fig. 11) , which probably resulted from high primary productivity and high carbonate production in surface waters.
DISCUSSION
At about 10 Ma, the eastern Pacific changed from a regime where carbonate MARs were controlled by relatively low dissolution to one in which variable production of carbonate competed with a strong dissolution loss in the deep parts of the sedimentary basins. We postulate that the switch in regimes was caused by the restriction of the flow of deep waters rich in [CO 3 ] 2 " from the Atlantic through the Panama gateway. Neither productivity nor changes in sea level would produce the observed eastern Pacific carbonate MAR patterns.
Productivity and CCD Rise in the Eastern Pacific
While it is possible that a dramatic increase in primary productivity in the eastern Pacific could have caused the carbonate crash at 10 Ma, the magnitude of such a productivity event should have left abundant evidence in the sediments. Such evidence does not exist.
Based upon the modern relationships between the CCD and productivity discussed earlier, one can roughly calculate the increase in productivity needed to cause the late Miocene carbonate crash. The CCD in the Guatemala Basin rose by 800 m at 10 Ma. A similar rise probably occurred in the Peru and Panama basins, although there are insufficient numbers of drill sites to quantify the CCD depth in either basin. To change the CCD by 800 m requires an increase by about a factor of eight in average productivity in the region east of the EPR. This level of productivity must then have been sustained from 10 Ma until the present.
An increase in productivity having a factor of eight should be readily apparent in C org MARs (Muller and Suess, 1979; Sarnthein et al., 1988; Lyle et al., 1988 . Export of particulate C org rain from surface water and preservation increase nonlinearly with productivity increases. For this reason, a much higher fraction of total productivity is exported from highly productive surface waters than from those of lower productivity (Eppley and Peterson, 1979 ). An increase in productivity by a factor of eight thus should have caused a much larger increase in C org rain-at least by an order of magnitude and maybe more.
Increases in preservation of sedimentary C org are strongly related to C org rain, which should further amplify the C org MAR signal relative to the productivity change. , for example, observed a 30-fold increase of C org MAR along the Multitracers transect in the northeastern Pacific as a result of a four-fold increase in C org rain. The enhancement of C 0Ig MAR relative to C org rain results from the depletion of oxygen and other oxidizing agents from pore waters. The net result is that an eight-fold increase in productivity could cause an increase in C org MAR by about two orders of magnitude.
In contrast, the Leg 138 Shipboard Scientific Party observed a decrease in C org MAR between 12 and 9 Ma at all sites except Site 846 . One cannot explain the huge difference between observation and prediction by assuming that C org MAR systematics are poorly understood. No processes of C org degradation could suppress such a major C org MAR signal. Every change needed to raise the CCD by productivity, in turn, would enhance the preservation of C org in the sediments. Thus, we can confidently rule out productivity as a factor in the carbonate crash.
Sea Level and CCD Change
Sea level can also be ruled out as a major contributing factor to the carbonate crash because the decrease in sea level at 10 Ma probably deepened the CCD, rather than raised it (Berger and Winterer, 1974; Opdyke and Wilkinson, 1988; Peterson et al., 1992) . The continental shelves can apparently act as a much larger reservoir for carbonates than for C org . assumed that loss of C org from continental shelves would be more significant when he proposed that lowered sea Figure 9 . Maps of calcium carbonate MAR from 13 to 5 Ma. Stippled pattern marks areas below the CCD (<O.l g/cm 2 /k.y.), while striped areas mark MARs higher than 1.0 g/cm 2 /k.y. Note that widespread carbonate deposition in the middle Miocene was replaced abruptly at 10 Ma by a deposition pattern much more focused at the equator. The CCD rose by at least 800 m in the Guatemala Basin in less than 0.5 m.y., and a similar rise was experienced elsewhere east of the EPR. level at the middle/late Miocene transition could have caused the carbonate dissolution event in the eastern Pacific. Empirical comparisons between CCD reconstructions and global sea level changes (e g Peterson et al., 1992) , however, show that the middle/late Miocene decline in sea level is associated with a deepening of the CCD and enhanced carbonate preservation over much of the oceans.
The abrupt rise in CCD in the eastern Pacific documented here runs counter to this general trend. The probable cause of the carbonate crash, therefore, must be regional in nature. Such a regional response must have been caused by changes in deep-water circulation patterns.
Changes in Deep Water and the Carbonate Crash
The late Miocene carbonate crash marks a time when [CO3] 2 " in deep waters of the eastern Pacific basins must have dropped radically. The rise in CCD results from dissolution of particulate carbonate to compensate for this loss. The change in deep water [CO^] 2 " may have been caused by a variety of reorganizations in deep water flow, but the one that seems most likely to us is a constriction of the Panama Gateway and restriction of flow of relatively high [CO3] 2 " waters from the Atlantic to the eastern Pacific.
Alternative Scenario-NADW Initiation
The crash could be associated with the onset of North Atlantic Deep Water (NADW) formation and the global reorganization of deep-water circulation at about this time (Woodruff and Savin, 1989) . Initiation of NADW formation, however, should tend to make global bottom waters less corrosive to carbonates. NADW is formed from Atlantic surface waters low in nutrients and, consequently, with low total dissolved inorganic carbon (DIC) and high titration alkalinity, and thus high [CO^] 2 ". These deep waters should in part replace more corrosive deep waters formed in the Antarctic Ocean from more nutrient-rich waters and thus enhance carbonate preservation.
The response in the Pacific depends, however, upon how flow paths reorganized. If the reorganization initiated by the onset of NADW formation enhanced the import of Antarctic-origin deep waters into the Pacific, at least part of the late Miocene carbonate crash could have been caused by this factor. No strong evidence from oxygen and carbon isotope tracers exists for increased Antarcticsource waters in the Pacific Ocean at 11 to 10 Ma, but such increases are difficult to detect by isotopes. The sparse faunal evidence (Woodruff and Savin, 1989) shows increased fractionation between the South Atlantic and South Pacific deep waters at about this time, but does not really indicate stronger flow into the Pacific at this time.
Panama Gateway Restriction as the Cause of the late Miocene Crash
The strongest evidence for the participation of the Panama Gateway in the carbonate crash is its pattern. The crash most strongly affected the eastern Pacific basins-the CCD rose permanently there, in contrast with the transient response recorded elsewhere in the Pacific. Because the waters that fill these basins are of mid-depth origin (~3 km), they should be less sensitive to bottom water events than the deeper Pacific basins. Changes in deep-water circulation patterns that strongly affect the basins east of the EPR should have affected other parts of the Pacific Ocean more strongly. The lack of such a response indicates that the cause must have been localized within this region.
If the constriction of the Panama Gateway caused the carbonate crash, the effects of the uplift of the isthmus are first manifested about 7 m.y., before its rise above sea level, between 3.5 and 3 Ma (Saito, 1976; Keigwin, 1978; Marshall et al., 1982 ). This conclusion is in line with the carbon isotope evidence of Keigwin (1982) that Pacific and Atlantic deep waters on either side of the present Isthmus of Panama were significantly isolated from each other before 8 Ma. It also fits with Woodruff and Savin's (1989) observation that differences in carbon isotope composition between the Atlantic and Pacific oceans began near the start of the late Miocene. 
Estimates of Loss of Deep-Water Flow Through the Panama Gateway
One can estimate the magnitude of change of deep-water flow from the Atlantic to the eastern Pacific, provided that the loss of carbonate MAR is entirely the result of changes in deep-water properties. Assuming that deep-water [CO3] 2 " remained constant in the eastern Pacific, the loss of carbonate deposition throughout the region should represent the inventory of [CO 3 ] 2~ from the Atlantic that had to have been replaced, as follows from the budget below: /k.y. of CaCθ3 deposition disappeared from the Guatemala Basin at 10 Ma, equivalent to a loss of 2x10" mole/yr. This should represent about one-third of the net loss of [CO^] 2 " to the eastern Pacific by constriction of the Panama Gateway, since all the other basins east of the EPR also participated.
Assuming conservatively that the difference in [CO3] 2 " between Atlantic and Pacific deep waters was 10 µmol/kg, compared to -30 µmol/kg today (Emerson and Archer, 1992) , 0.6 Sv (10 6 m 3 /s) of flow into the Guatemala Basin from the Atlantic was replaced by flow from the Pacific. Thus, net flow through the Panama gateway need only have been restricted by about 2 Sv to produce the dramatic change in regional carbonate preservation east of the EPR.
Recovery from the Carbonate Crash For most of the equatorial Pacific, the late Miocene carbonate crash ended about 8 Ma. In the eastern Pacific, the recovery appears to have been induced be a long-lived high productivity interval beginning about 8 Ma and ending at about 4.5 Ma. After 8 Ma, carbonate MARs increased within the equatorial band throughout the eastern Pacific and peaked between 6 and 7 Ma (Fig. 9) . Little or no deposition occurred on the floors of the eastern Pacific basins during this time, however, because CCDs east of the EPR remained high for the remainder of the Miocene.
We think that the high equatorial carbonate MARs were caused by increased productivity because this interval is associated with a peak in sedimentation rates and a peak in C org and carbonate MARs at all Leg 138 drill sites, except those in the Guatemala Basin (Fig. 11) , and because the pattern of carbonate MAR is focused around the equator, reminiscent of equatorial upwelling patterns (Fig. 9) .
Earlier we discussed how higher productivity could cause increased dissolution and a shallowing of the CCD. This does not contradict the conclusion advanced here because, depending on the circumstances, a productivity increase could either increase or decrease carbonate MARs. Since carbonate dissolution depends upon both the saturation state of bottom waters and the particulate C or g:C COi ratio, the likelihood of increased carbonate burial depends upon its depth and the level of productivity prior to the increase. The total amount of carbonate dissolution from marine sediments is the sum of dissolution caused by the well-known depth dependent undersaturation effect and dissolution within the sediments caused by C org decomposition. As the relative proportion of C org to carbonate increases with increasing productivity, dissolution by C org degradation becomes a significant fraction of the total carbonate loss. Within the lysocline, dissolution associated with C org degradation can completely deplete the sediments of carbonate well above the CCD caused solely by pressure effects. Thus, an increase in productivity can raise the CCD. Nevertheless, in relatively shallow sediments, in the upper part of the lysocline or above it, an increase in productivity will tend to increase carbonate MARs. Between 8 to'4.5 Ma, all the Leg 138 drill sites east of EPR with high carbonate MARs are shallower than 3300 mbsl and thus represent locations which should have higher carbonate MARs when productivity increases.
CONCLUSIONS
The late Miocene carbonate crash was an abrupt rise in CCD at 10 Ma, especially pronounced in the eastern Pacific Ocean. West of the EPR, this event lasted about 2 to 3 m.y., and carbonate MARs rapidly recovered. In the Guatemala and Peru basins, however, the carbonate crash marks the end of bathyal carbonate deposition in the basins. The shallow CCDs established east of the EPR by this event are the basis of the modern pattern of carbonate MAR.
The carbonate crash was caused by deep-water processes, not by high productivity. We have documented that the observed changes in paleoproductivity that can be inferred from the sediment record could not have caused the rise in CCD. We have shown that a relatively small decrease in net exchange of deep waters from the Atlantic to the Pacific through the Panama Gateway, however, could have caused it. For this reason, we think that the carbonate crash was induced by a tectonic restriction of deep-water flow through the Panama Gateway at about 10 Ma. The tectonic restriction of flow essentially set up the modern pattern of carbonate deposition in the eastern Pacific.
Most of the equatorial Pacific Ocean recovered from the carbonate crash relatively quickly. The recovery seems associated with a longlived high productivity event that lasted from about 8 to about 4.5 Ma. High carbonate MARs were probably more restricted to regions of high carbonate production than at earlier times, partly because the Age (Ma) Figure 11 . Sedimentation rates for Leg 138 cores that extend to 12 Ma. Note that sedimentation rates reached a major low in the late Miocene (10-9 Ma) and peaked at about 6 Ma. There is no evidence for higher productivity and higher sediment deposition at the middle/late Miocene transition.
fractionation of nutrients between the Atlantic and Pacific oceans was beginning to accelerate after communication between the two became more restricted.
